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METHOD OF PRODUCING LOWER
ALCOHOLS FROM GLYCEROL

RELATED APPLICATIONS

This application is a divisional of U.S. application Ser. No.
13/595,185, filed Aug. 27, 2012 which is a continuation of
U.S. application Ser. No. 12/340,371 filed Dec. 19, 2008
which claims benefit of priority to U.S. Provisional Applica-
tion Ser. No. 61/008,334 filed Dec. 19, 2007. This application
is a continuation-in-part of U.S. application Ser. No. 12/278,
634 filed Aug. 7, 2008, which is a national phase entry under
35U.S.C. §371 of PCT application no. PCT/US2006/042707
filed Oct. 31, 2006, which claims benefit of priority to U.S.
Provisional Application Ser. No. 60/731,673 filed Oct. 31,
2005. U.S. application Ser. No. 12/340,371 is also a continu-
ation-in-part of U.S. application Ser. No. 11/510,992 filed
Aug. 28, 2006, which claims benefit of priority to U.S. Pro-
visional Application Ser. No. 60/731,673 filed Oct. 31, 2005.
U.S. application Ser. Nos. 12/340,371 and 11/510,992 are
continuation-in-parts of U.S. application Ser. No. 11/088,603
filed Mar. 24, 2005. U.S. application Ser. No. 11/008,603
claims benefit of priority to U.S. Provisional Application Ser.
No. 60/556,334 filed Mar. 25, 2004 and is a continuation-in-
part of U.S. patent application Ser. No. 10/420,047 filed Apr.
21, 2003, which claims benefit of priority to U.S. Provisional
Patent Application Ser. Nos. 60/374,292, filed Apr. 22, 2002
and 60/410,324, filed Sep. 13, 2002. All of the above-listed
applications are incorporated by reference in their entirety
herein.

BACKGROUND

1. Field of the Invention

This invention relates generally to a process for value-
added processing of fats and oils to yield glycerol and glyc-
erol derivatives. More particularly, the process converts glyc-
erol to acetol and then acetol to propylene glycol (PG) to
produce a propylene glycol with ultra-low amounts of ethyl-
ene glycol (EG). The process may yield glycerol-based prod-
ucts and glycerol derivatives, such as antifreeze and other
products.

2. Description of the Related Art

Existing processes for the hydrogenation of glycerol to
form other products are generally characterized by require-
ments for excessively high temperatures and pressures. For
example, high temperatures may degrade the reaction prod-
ucts. Working pressures of several hundred bar create safety
concerns and increase the capital costs of implementing these
processes. Most of such processes yield substantial impuri-
ties that may necessitate costly purification steps to isolate the
desired reaction products.

In one example, conventional processing of natural glyc-
erol to propanediols uses a catalyst, for example, as reported
in U.S. Pat. Nos. 5,616,817, 4,642,394, 5,214,219 and 5,276,
181. These patents report the successful hydrogenation of
glycerol to form propanediols. None of the processes shown
by these patents provide a direct reaction product mixture that
is suitable for use as antifreeze. None provide process condi-
tions and reactions that suitably optimize the resultant reac-
tion product mixture for direct use as antifreeze. None
address the use of unrefined crude natural glycerol feed stock,
and none of these processes are based on reactive distillation.
Generally, existing processes

U.S. Pat. No. 5,616,817 issued to Schuster et al. describes
the catalytic hydrogenation of glycerol to produce propylene
glycol in high yield, such as a 92% yield, with associated
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2

formation of n-propanol and lower alcohols. Conversion of
glycerol is substantially complete using a mixed catalyst of
cobalt, copper, manganese, and molybdenum. Hydrogena-
tion conditions include a pressure of from 100 to 700 bar and
a temperature ranging from 180° C. to 270° C. Preferred
process conditions include a pressure of from 200 to 325 bar
and a temperature of from 200° C. to 250° C. This is because
Schuster et al. determined that lower pressures lead to incom-
plete reactions, and the higher pressures increasingly form
short chain alcohols. A crude glycerol feed may be used, such
as is obtainable from the transesterification of fats and oils,
but needs to be refined by short path distillation to remove
contaminants, such as sulfuric acid that is commonly utilized
in the transesterification process. The feed should contain
glycerol in high purity with not more than 20% water by
weight.

U.S. Pat. No. 4,642,394 issued to Che et al. describes a
process for catalytic hydrogenation of glycerol using a cata-
lyst that contains tungsten and a Group VIII metal. Process
conditions include a pressure ranging from 100 psi to 15,000
psi and a temperature ranging from 75° C. to 250° C. Pre-
ferred process conditions include a temperature ranging from
100° C. 10 200° C. and a pressure ranging from 200 to 10,000
psi. The reaction uses basic reaction conditions, such as may
be provided by an amine or amide solvent, a metal hydroxide,
a metal carbonate, or a quaternary ammonium compound.
The concentration of solvent may be from 5 to 100 ml solvent
per gram of glycerol. Carbon monoxide is used to stabilize
and activate the catalyst. The working examples show that
process yields may be altered by using different catalysts, for
example, where the yield of propanediols may be adjusted
from 0% to 36% based upon the reported weight of glycerol
reagent.

U.S. Pat. No. 5,214,219 issued to Casale, et al. and U.S.
Pat. No. 5,266,181 issued to Matsumura, et al. describe the
catalytic hydrogenation of glycerol using a copper/zinc cata-
lyst. Process conditions include a pressure ranging from 5
MPa to 20 MPa and a temperature greater than 200° C. Pre-
ferred process conditions include a pressure ranging from 10
to 15 MPa and a temperature ranging from 220° C. to 280° C.
The concentration of glycerol may range from 20% to 60% by
weight in water or alcohol, and this is preferably from 30% to
40% by weight. The reaction may be adjusted to produce
significant amounts of hydrocarbon gas and/or lactic acid,
such that gas generation is high when lactic acid formation is
low and lactic acid formation is high when gas generation is
low. This difference is a function of the amount of base, i.e.,
sodium hydroxide, which is added to the solvent. Alcohol
reaction products may range from 0% to 13% of hydrocarbon
products in the reaction mixture by molar percentages, and
propanediols from 27% to 80%. Glycerol conversion effi-
ciency exists within a range from 6% to 100%.

SUMMARY

The presently disclosed instrumentalities advance the art
and overcome the problems outlined above by producing
value-added products in exceptionally high yield and purity
from hydrogenation of natural glycerol feed stocks. The pres-
ently disclosed instrumentalities also advance the art by pro-
ducing propylene glycol with ultra-low amounts of ethylene
glycol from renewable feed stocks. In the process of over-
coming these problems, the energy costs are also reduced. In
other aspects, the disclosure pertains to the manufacture of
products that do not require exceptionally high yield and
purity, such as antifreeze.
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In one aspect, a process for converting glycerol to acetol
with high selectivity, commences with providing a glycerol-
containing material thathas 50% or less by weight water. This
material may be, for example, a byproduct of biodiesel manu-
facture. The glycerol-containing material is contacted with a
catalyst that is capable of hydrogenating glycerol, in order to
form a reaction mixture. Conditions for reaction of the reac-
tion mixture are established to include a temperature within a
range from 150° C. to 250° C. and a pressure within a range
from 0.1 bar to 25 bar. The reaction mixture is reacted under
the conditions for reaction to dehydrate the glycerol with
resultant formation of acetol as a reaction product. The reac-
tion may be performed at temperatures of up to 270° C., 280°
C. or even 290° C.; however, the use of these increased tem-
perature results in thermal degradation of the reaction product
together with die-reactions, and so is not recommended for
applications where high purity of the reaction product is
required. It is possible by use of this process according to one
or more of the embodiments described below to achieve, for
example, propylene glycol that is 90% pr even 98% pure at a
high yield of better than 85% or even 95%.

In various other aspects, the glycerol-containing feedstock
preferably contains from 5% to 15% water by weight. The
catalyst may be a heterogenous catalyst that contains at least
one element from Groups I or VIII of the Periodic Table. The
catalyst may be a heterogeneous catalyst including at least
one material selected from the group consisting of palladium,
nickel, rhodium, copper, zinc, chromium and combinations
thereof. The dehydration catalyst may, for example, contain
from 5 wt % to 95 wt % chromium, and may be comprised of
compositions of copper expressed as CuO and chromium
expressed as Cr,0O; at 30-80 wt % of CuO and 20-60 wt % of
Cr,0;. In one example, the catalyst may be expressed as
Cr,0; at 40-60 wt % of CuO and 40-50 wt % of Cr,O;. The
presence of hydrogen reduces these oxides with their reduced
form which is the active form of the catalyst for hydrogena-
tion of acetol.

A small amount of hydrogen may be added to deter the
acetol reaction product during formation from scavenging
hydrogen from other hydrocarbon materials in the reaction
mixture. If acetol is the desired final product, the partial
pressure of hydrogen may be sufficiently low, such as about
0.1 bar, to prevent substantial conversion of acetol to propy-
lene glycol.

A greater amount of hydrogen may be added to facilitate
conversion of the acetol to other products. Where hydrogen is
added under the foregoing reaction conditions, the dominant
product is suitably propylene glycol.

It is possible to use a gas flow for stripping the reaction
products from the reaction mixture, where such reaction
product may include acetol and propylene glycol. In one
embodiment, the glycerol-containing material is in liquid
phase and the process entails removing the reaction
product(s) during the step of reacting. This may be done by
facilitating selective release of acetol as vapor from the reac-
tion mixture by action of partial pressure through contact with
a gas, such as nitrogen or a noble gas, that is essentially inert
to the reaction mixture and the acetol reaction product.

The acetol may be condensed and further reacted to form
downstream products, such as by reaction with hydrogen to
produce propylene glycol or lactaldehyde. A condenser for
this purpose suitably operates at a temperature between 25°
C. and 150° C., or more preferably from 25° C. to 60° C. One
process for converting acetol to propylene glycol with high
selectivity entails contacting an acetol-containing feedstock
that contains less than 50% by weight water with a catalyst
that is capable of hydrogenating acetol to form a reaction

10

15

20

25

30

35

40

45

50

55

60

65

4

mixture; and heating the reaction mixture to a temperature
between 50° to 250° C. at a pressure between 1 and 500 bar to
form propylene glycol.

In another embodiment, the gas that strips reaction [prod-
ucts from the initial reaction mixture may be reactive with the
acetol reaction product, such as hydrogen gas is reactive with
the acetol. Accordingly, the stripper gas may be supple-
mented with hydrogen for this effect, such that a different
reaction product is condensed. This different reaction product
may be propylene glycol. Unused hydrogen may be recycled
from the condenser back to the reactor vessel.

A more preferred temperature range for facilitating the
reaction is from 180° C. to 220° C. A more preferred pressure
range is from 1 to 20 bar, where low pressures of from 1 to 15
bar and 1 to 5 bar may yield especially pure products. The
reaction may persist for a duration in a slurry phase with
reaction limited by catalyst within a range from 0.1 hour to 96
hours, such as from 4 to 46 hours or from 4 to 28 hours. It is
possible to operate the reaction at higher catalyst loadings and
even in a gas phase with much shorter reaction times within
the range from 0.001 to 8 hours, or more-preferably 0.002 to
1 hour, or even more preferably from 0.05 to 0.5 hours.

In another embodiment, the reaction does not require a
glycerol feed, but may be a polyhydric material, such as a
three-carbon or greater sugar or polysaccharide. The process
equipment in use on these materials may form an alcohol
product having a boiling point less than 200° C.

Batch reactor effluent may be used as an antifreeze, anti-
icing agent or de-icing agent, for example, as may be obtained
from the crude glycerol byproduct of the C1 to C4 alkyl
alcohol alcoholysis of a glyceride. An alternative glycerol
source is the crude from hydrolysis of a glyceride. Such
materials as this may contain, on a water-free basis, from
about 0.5% to about 60% glycerol, and from about 20% to
about 85% propylene glycol. Another such composition may
contain, on a water-free basis, from about 10% to about 35%
glycerol, from about 40% to about 75% propylene glycol, and
from about 0.2% to about 10% C1 to C4 alkyl alcohol. The
compositions may also contain from about 1% to 15% residue
by-product from a reaction of glycerol.

In one embodiment, a process for producing antifreeze
from a crude glycerol byproduct of a C, to C, alkyl alcohol
alcoholysis of a glyceride, entails neutralizing the crude glyc-
erol to achieve a pH between 5 and 12. This is followed by
separating C, to C, alcohol and water from the crude glycerol
such that the combined concentrations of water and C, to C,,
alcohols is less than about 5(wt) %. The separated crude
glycerol is contacted with a hydrogenation catalyst and
hydrogen at a pressure of between about 0.1 and 200 bar and
at a temperature between about 100° C. and 280° C. for a
period of time sufficient to achieve a conversion of the glyc-
erol of between 60 and 90% on the basis of glycerol in the
crude glycerol. The pressure is more preferably within a
range from 0.1 to 25 bar and is even more preferably from 1
to 20 bar. Separation of C, to C, alcohols and water may be
achieved by flash separation at a temperature greater than
about 60° C., or by thermal diffusion. The hydrogenation
catalyst may contain at least one metal from the group con-
sisting of palladium, nickel, zinc, copper, platinum, rhodium,
chromium, and ruthenium.

A gas phase reaction may be performed for converting
glycerol to a product at high selectivity to propylene glycol
and low selectivity to ethylene glycol. The reaction com-
mences with providing a gas phase reaction mixture that is
essentially free of liquid and contains: glycerol with a partial
pressure of glycerol in a range from 0.01 bars and 0.5 bars of
glycerol, and hydrogen with a partial pressure of hydrogen
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between 0.01 and 25 bars of hydrogen. The reaction mixture
is maintained at a total pressure between 0.02 and 25 bars and
contacts a heterogeneous catalyst at a temperature between
150° C. and 280° C. to form propylene glycol.

In the gas phase reaction, a partial pressure of glycerol is
preferably less than glycerol’s dew point partial pressure in
the reaction mixture, and greater than one fourth the dew
point partial pressure in the reaction mixture. This partial
pressure is also preferably greater than half the dew point
partial pressure in the reaction mixture. The gas phase reac-
tion mixture contains essentially no liquid and has a partial
pressure of glycerol between 0.01 and 0.5 bars of glycerol and
a partial pressure of hydrogen between 0.01 and 5 bars of
hydrogen; and the reaction may be performed at a tempera-
ture between 150° C. and 280° C. to facilitate a reaction by
use of the same catalysts described above. The total pressure
of reaction may be between 0.02 and 5 bars.

The process may be tuned to produce increased amounts of
lactaldehyde with high selectivity. This is done by combining
a glycerol-containing feedstock with less than 50% by weight
water with a catalyst that is capable of dehydrating glycerol to
form a reaction mixture; and heating the reaction mixture to a
temperature between 150° to 200° C. at a pressure between
0.01 and 25 bar. A preferred temperature range for this reac-
tion is from 165° C. to 185° C., while the pressure exists
within a range from 0.02 to 2 bars. The lactaldehyde con-
denser may operate at a temperature between 0° C. to 140° C.

The propylene glycol product may be produced in high
purity. especially from the gas-phase reaction. The propylene
glycol reaction product may be further purified by adding a
base to the said propylene glycol product to achieve a pH
greater than 8.0 and distilling the propylene glycol from the
product having a pH greater than 8.0. The base may be
selected from the group comprised of sodium hydroxide,
potassium hydroxide, and calcium oxide.

Although a batch reactor is preferred, other suitable reactor
types include slurry batch reactors, trickle bed reactors, and
teabag reactors. One reactor for use with highly exothermic
reactions comprised of an outer shell containing U-tubes with
an orientation such that the U-end of the U-Tubes is facing
upward. The shell has an upper removable head where cata-
lystis loaded between shell and tubes from the top by remov-
ing the upper head. An inert packing may be is placed in the
lowest portion of the space between the shell and U-Tubes at
a depth between 2 and 24 inches

In another aspect of the present disclosure, an improved
process containing at least one separation step for converting
glycerol to acetol with high selectivity is provided. This PG
producing process with one or more separation steps (“the
improved process” hereinafter) may comprise the steps of: (a)
contacting a glycerol-containing material with a catalyst that
is capable of hydrogenating glycerol, in order to form a reac-
tion mixture; (b) reacting the reaction mixture under a first
condition for reaction to dehydrate the glycerol with resultant
formation of acetol as a main component of a first reaction
product, said first condition including a temperature within a
range from 150° C. to 250° C. and a pressure within a range
from 0.02 bar to 25 bar; (c) separating the acetol formed in
step (b) from other components in the first reaction product;
and (d) reacting the separated acetol from step (c) to form a
second reaction product.

The second reaction product preferably comprises propy-
lene glycol. In one aspect, more than 50% (w/w) of the second
reaction product is propylene glycol. In another aspect, more
than 80% (w/w) of the second reaction product is propylene
glycol.
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In another embodiment, the first condition of the improved
process is in favor of formation of acetol. In one aspect, the
first condition includes a temperature within a range from
190° C. to 250° C. More preferably, the first condition
includes a temperature within a range from 200° C. t0 230° C.
In another aspect, the first condition includes a pressure
within a range from 0.05 bar to 1.2 bar. More preferably, the
first condition includes a pressure within a range from 0.1 bar
to 0.3 bar. The molar ratio between different reactants also
play an important role in the yield, efficiency and quality of
the reaction. In one aspect, the molar ratio of hydrogen to
glycerol for the first condition is about 0.1.

In another embodiment, step (d) of the improved process is
performed under a second condition that is in favor of forma-
tion of propylene glycol. In one aspect, the second condition
includes a temperature within a range from 140° C. t0 220° C.
More preferably, the second condition includes a temperature
within a range from 160° C. to 200° C. In another aspect, the
second condition includes a pressure within a range from 1.2
bar to 500 bar. More preferably, the second condition includes
a pressure within a range from 2 bar to 30 bar. In yet another
aspect, the molar ratio of hydrogen to glycerol for the second
condition is between 1 to 1000. More preferably, the molar
ratio of hydrogen to glycerol is between 1.2 to 15.

During step (c¢) of the improved process, acetol may be
substantially separated from at least one component selected
from the group consisting of ethylene glycol and propylene
glycol. Thus, the acetol that is subsequently subjected to the
reaction of step (d) is substantially free from ethylene glycol.
Preferably, at least 70% by weight of ethylene glycol present
in the first reaction product is removed from the acetol before
the acetol is further converted to PG. More preferably, at least
90% by weight of ethylene glycol present in the first reaction
product is removed from the acetol.

In another aspect of the improved process, the acetol in the
first reaction product is substantially separated from hydro-
gen and water in step (c). The separated hydrogen and water
may be recycled and reused in the process.

The improved process may further comprise a step (e)
wherein the second reaction product is separated from other
components present in the second reaction product. Prefer-
ably, acetol is substantially separated from propylene glycol
in step (e) to obtain a relatively pure final PG product.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block flow diagram illustrating pre-
ferred reactor-separator with a reactor, condenser, and con-
densate tank, and recycle of unreacted hydrogen.

FIG. 2 is a schematic of the disclosed reaction mechanism
for conversion of glycerol to propylene glycol via acetol
intermediate.

FIG. 3 is a schematic of the disclosed reaction mechanism
for conversion of acetol to propylene glycol via lactaldehyde
intermediate.

FIG. 4 is a schematic of the disclosed two-step alternative
embodiment for converting glycerol to acetol and then con-
verting acetol to propylene glycol, where the process equip-
ment may also be used to make propylene glycol with no
intermediate step.

FIG. 5 is a schematic of laboratory process equipment that
may be used to demonstrate the process equipment of FIG. 4
or 6.

FIG. 6 is a schematic of the disclosed two-step alternative
embodiment for converting glycerol to acetol and then con-
verting acetol to propylene glycol where hydrogen is used for
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the first reactor at a lower pressure and water is removed from
the vapor effluents from the first reactor to allow purging of
the water from the system.

FIG. 7 is a schematic block flow diagram illustrating a
packed-bed reactor with an evaporator, reactor, and con-
denser.

FIG. 8 shows pressure dependence of the glycerol to pro-
pylene glycol reaction at temperatures 0£ 220° C., and 240° C.

FIG. 9 shows glycerol to propylene glycol reaction effect
of H,: glycerol mole ratio on catalyst productivity at 220° C.

FIG. 10 shows glycerol to PG reaction: effect of H2:Glyc-
erol mole ratio on catalyst productivity at 220° C.

FIGS. 11A, 11B and 11C show an example of reactor
configuration.

FIG. 12A illustrates a pilot scale reactor, and FIG. 12B
shows the cross-sectional view of the reactor.

FIG. 13 illustrates a packed-bed reactor with optional gas
feed to evaporator.

FIG. 14 is a schematic block flow diagram illustrating a
preferred packed-bed reactor system including recycle of
product to improve temperature control and purification of
the reactor effluent in a separator.

FIG. 15 is a schematic block flow diagram illustrating a
preferred packed-bed reactor system including recycle of
product to improve temperature control and purification of
the reactor effluent in a separator.

FIG. 16 is a schematic block flow diagram illustrating an
improved process which includes a separation step between
the reaction to generate acetol and the reaction to generate
propylene glycol, as well as another separation step to obtain
the end product.

FIG.17 is a schematic of the disclosed reaction mechanism
for conversion of glycerol to propylene glycol via acetol
intermediate showing also the conversion from propylene
glycol back to acetol.

FIG. 18 shows a reactor configuration for gas phase packed
bed catalysis reactions.

FIG. 19 shows the impact of hydrogen and water concen-
tration on ratio of desired products to sum of undesired by-
products at230° C. The desired products are the sum of acetol
and propylene glycol.

FIG. 20 shows the impact of hydrogen on ethylene glycol
formation relative to formation of desired products.

FIG. 21 shows the effect of reaction temperature and pres-
sure on propylene glycol production from glycerol.

FIG. 22 shows the effect of reaction temperature and pres-
sure on unknown by-product 9.11 (EG) formation of the
glycerol to propylene glycol reaction (Data were plotted by
9.11(EG)/IS peak area ratio vs. Temperature).

FIG. 23 shows the formation of unknown by-product 9.11
(EG) versus propylene glycol production of the glycerol to
propylene glycol reaction (Data plotted by 9.11(EG)/IS peak
area ratio vs. PG/IS peak area ratio).

FIG. 24 shows the effect of reaction temperature and pres-
sure on propylene glycol production from acetol.

FIG. 25 shows the effect of reaction temperature and pres-
sure on unknown by-product 9.11 formation of the acetol to
propylene glycol reaction (Data were plotted by 9.11/IS peak
area ratio vs. Temperature).

DETAILED DESCRIPTION

There will now be shown and described by way of non-
limiting example a process for producing lower alcohols from
glycerol feed stock to provide glycerol-based and/or propy-
lene glycol-based antifreezes. The lower alcohols include, for
example, as acetol and propylene glycol. Preferred uses of
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reaction product mixtures that are derived from the process
include but are not limited to deicing fluids, anti-icing fluids,
and antifreeze applications. These uses of the glycerol-based
and/or propylene glycol-based antifreezes displace the use of
toxic and non-renewable ethylene glycol with non-toxic and
renewable glycerol-derived antifreeze. In this regard, use of
propylene glycol that is derived from natural glycerol is a
renewable alternative to petroleum-derived propylene glycol.
Other downstream uses for propylene glycol include any
substitution or replacement of ethylene glycol or glycerol
with propylene glycol.

Equipment for Reactive-Separation Preparation of Antifreeze
from Poly-Alcohols Like Glycerol

One method of preparing antifreeze from glycerol includes
reaction at a temperature ranging from 150° to 250° C. and in
some embodiments this temperature is more preferably from
180° C. to 220° C. The reaction occurs in a reaction vessel.
The pressures in the reaction vessel are preferably from 1 to
25 bars and in some embodiments this pressure is more-
preferably between 5 and 18 bars. The process equipment
may include, for example, a reactor at these temperature and
pressure conditions connected to a condenser and condensate
tank where the condenser is preferably at a temperature
between about 25° C. and 150° C. and in some embodiments
this is more preferably between 25° and 60° C.

FIG. 1 provides a block flow diagram of process equipment
100 including a reactor-separator 102. A polyhydric feed
stock 104, for example, containing glycerol, is introduced
stepwise or continuously into the reactor separator 102.
Hydrogen 106 is added to hydrogen line 108 to promote
conversion of glycerol 104 to propylene glycol within the
reactor-separator 102. The process temperatures are such that
a distillation occurs with the formation or presence of propy-
lene glycol, short chain alcohols, and water, which vaporize
and flow through overhead line 110 to a condenser 112. Most
of'the alcohol, water and propylene glycol vapors condense in
the condenser 112 and are collected in the condensate tank
114 for discharge through discharge line 116 as product 118.
Unreacted hydrogen and remaining vapors from the con-
denser 112 are recycled back to the reactor-separator 102
through the hydrogen recycle line 108.

Reaction products 118 are removed from the condensate
tank 112 through discharge line 116, and the reaction mixture
inside reactor-separator 102 may be purged periodically or at
a slow flow rate through purge line 120 to obtain purge mix-
ture 122. Purging is necessary or desirable when non-volatile
reaction by-products are formed and when metals or inor-
ganic acids, such as residual biodiesel catalysts, are present in
the polyhydric feed stock 104. Catalysts and useful compo-
nents, such as glycerol and propylene glycol, are preferably
recovered from the purge mixture 122.

The reaction inside reactor-separator 102 is catalyzed, and
may be facilitated at periodic intervals or by the continuous
introduction of a suitable catalyst 124, which may be any
catalyst that is suitable for use in converting glycerol into
lower alcohols, such as acetol and/or propylene glycol. The
catalyst 124 may reside within the reactor-separator as a
packed bed, or distribution of the catalyst 124 inside reactor-
separator 102 may be improved by using the hydrogen gas
108 to provide a fluidized bed, or by stirring (not shown).
Agitated slurry reactors of a liquid phase reaction with a
vapor overhead product are preferred. The catalyst 124 is
mixed with the polyhydric feedstock 104 that is undergoing
reaction in the reactor separator 102 to facilitate breaking of
carbon-oxygen or carbon-carbon bonds including but not
limited to hydrogenation. As used herein, hydrogenolysis and
hydrogenation are interchangeable terms.
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By way of example the reaction of glycerol with hydrogen
to form propylene glycol and water is referred to frequently as
hydrogenation in this text. Suitable catalysts for this purpose
may include, without limitation, such metals as platinum,
palladium, ruthenium, chromium, nickel, copper, zinc,
rhodium, chromium, ruthenium, and combinations thereof.
Catalysts may be deposited on a substrate, such as an alumina
substrate. In a broader sense, suitable catalysts may include
those catalyst containing one or more elements of the sub-
groups from Group I, Group VI, and/or Group VIII of the
Periodic Table. The best catalysts are non-volatile, and are
preferably prevented from exiting the reactor separator 102
into the condensate tank 114. A filter 125 in the overhead
discharge line 110 from the reactor separator 102 retains solid
catalysts in the reactor separator 102. No limitations are
placed or implied on whether the catalyst is soluble or solid,
the oxidative state of the catalyst, or the use of solid supports
or soluble chelates.

Reaction times at preferred conditions may range from a
few minutes to 96 hours. Reaction time may be defined as the
volume of liquid in the reactor divided by the time-averaged
flow rate of liquids into the reactor. While the preferred reac-
tion times are greater than 2 hours, the average residence time
at higher loadings of catalyst 124 can be less than an hour and
typically longer than 0.5 hours. While preferred temperatures
are up to 250° C., the reactor-separator may be operated at
temperatures up to 270° C. with satisfactory results.

The polyhydric feed stock 104 preferably contains glyc-
erol. In a broader sense, polyhydric feedstock 104 may con-
tain, for example, from 5% to substantially 100% ofa polyol,
for example, glycerol, sorbitol, 6-carbon sugars, 12-carbon
sugars, starches and/or cellulose.

As illustrated in FIG. 1, the process equipment 100 is
preferably configured to provide hydrogen 106 as a reagent;
however, the use of hydrogen is optional. Commercially valu-
able products may be formed as intermediates that collect in
the condensate tank in the absence of hydrogen. Accordingly,
use of hydrogen 106 is preferred, but not necessary. For
example, the intermediates collecting in condensate tank 114
may include acetol (hydroxy-2-propanone), which may be
subjected to hydrogenolysis by at least two mechanisms as
shown in FIGS. 2 and 3. In addition to reagents, the material
within reactor separator 102 may contain water, salts, or
catalysts residue from previous processes.

One type of polyhydric feedstock 104 may contain glyc-
erol that is prepared by transesterification of oils or fatty
acids, for example, as described in co-pending application
Ser. No. 10/420,047 filed Apr. 23, 2003, which is incorpo-
rated by reference to the same extent as though fully repli-
cated herein. In a polyhydric feedstock 104 of this type, water
may be present in an amount ranging from 0% to 70%. More
preferably, water is present in an amount ranging from 5% to
15%. Water may be added to reduce side-reactions, such as
the formation of oligomers.

One advantage of using the process equipment 100 is that
volatile alcohol products are removed from the reaction mix-
ture as they are formed inside reactor separator 102. The
possibility of degrading these products by continuing expo-
sure to the reaction conditions is commensurately decreased
by virtue of this removal. In addition, the volatile reaction
products are inherently removed from the catalysts to provide
relatively clean products. This reaction-separation technique
is especially advantageous for catalysts that are soluble with
or emulsified in the reaction mixture.

A preferred class of catalyst 124 is the copper chromite
catalyst, (CuO), (Cr203),. This type of catalyst is useful in
the process and is generally available commercially. In this
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class of catalyst, the nominal compositions of copper
expressed as CuO and chromium expressed as Cr,O, may
vary from about 30-80 wt % of CuO and 20-60 wt % of Cr,O;.
Catalyst compositions containing about 40-60 wt % copper
and 40-50 wt % of chromium are preferred.

Preferred catalysts for use as catalyst 124, in addition to the
copper and chromium previously described, also include
barium oxide and manganese oxide or any of their combina-
tions. Use of barium and manganese is known to increase the
stability of the catalyst, i.e., the effective catalyst life. The
nominal compositions for barium expressed as barium oxide
can vary 0-20 wt % and that for manganese expressed as
manganese oxide can vary from 0-10 wt %. The most pre-
ferred catalyst compositions comprise from 40%-60 wt % of
Cu040-55 wt % of Cr,05, 0-10wt % of barium oxide and 0-5
wt % manganese oxide.

Reaction Mechanism

According to one mechanism proposed by Montassier et al.
(1988), dehydrogenation of glycerol on copper can form
glyceric aldehyde in equilibrium with its enolic tautomer. The
formation of propylene glycol was explained by a nucleo-
philic reaction of water or adsorbed OH species, a dehydroxy-
lation reaction, followed by hydrogenation of the intermedi-
ate unsaturated aldehyde. This reaction mechanism was
observed not to apply in our investigation.

FIG. 2 shows a preferred reaction mechanism 200 for use in
the reactor-separator 102 of FIG. 1, and for which process
conditions may be suitably adjusted as described above. As
shown in FIG. 2, hydroxyacetone (acetol) 202 is formed, and
this is possibly an intermediate of an alternative path for
forming propylene glycol by a different mechanism. The
acetol 202 is formed by dehydration 204 of a glycerol mol-
ecule 206 that undergoes intramolecular rearrangements as
shown. In a subsequent hydrogenation step 208, the acetol
202 further reacts with hydrogen to form propylene glycol
210 with one mole of water by-product resulting from the
dehydration step 204.

Early studies to investigate the effect of water on the hydro-
genolysis reaction indicated that the reaction takes place even
in absence of water with a 49.7% yield of propylene glycol.
Moreover, and by way of example, the reaction is facilitated
by use of a copper-chromite catalyst, which may be reduced
in a stream of hydrogen prior to the reaction. In this case, the
incidence of surface hydroxyl species taking part in the reac-
tion is eliminated. The above observations contradict the
mechanism proposed by Montassier et al. where water is
present in the form of surface hydroxyl species or as a part of
reactants.

In another embodiment of the present disclosure, a sepa-
ration step is included between two reaction steps which
result in propylene glycol with ultra-low amount of ethylene
glycol. More generally, the embodiment removes efficiently a
number of chemicals with boiling points near propylene gly-
col. Yet another separation step may be included after the
second reaction, as illustrated in Example 16. Via this
improved process, propylene glycol may be produced with
ultra-low amounts of ethylene glycol from renewable feed
stocks. Because of the increased efficiency and reuse of inter-
mediated during the process, the cost of energy is also
reduced for this improved process as compared to other pre-
viously disclosed processes.

The following example provides insight into reaction
mechanisms and selectivities that supports the embodiments
of this invention, but are not meant to limit the scope of this
disclosure.
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EXAMPLE 1

Confirmation of Reaction Mechanism

An experiment was performed to validate the reaction
mechanism 200. Reactions were conducted in two steps,
namely, Steps 1 and 2. In step 1, relatively pure acetol was
isolated from glycerol. Temperature ranged from 150° C. to
250° C. and more specifically from 180° C. to 220° C. There
was an absence of hydrogen. Pressure ranged from 1 to 14 psi
(6.9 MPa to 96 MPa) more specifically from 5 to 10 psi (34
MPa to 69 MPa). A copper-chromite catalyst was present. In
Step 2, the acetol formed in Step 1 was further reacted in
presence of hydrogen to form propylene glycol at a tempera-
ture ranging from 150° C. to 250° C. and more preferably
between 180 to 220° C. Excess hydrogen was added at a
hydrogen over pressure between 1 to 25 bars using the same
catalyst.

It was observed in the Step 2 of converting acetol to pro-
pylene glycol that lactaldehyde was formed. Propylene glycol
is also formed by the hydrogenation 208 of lactaldehyde 302,
as illustrated in FIG. 3. With respect to FIG. 2, lactaldehyde
represents an alternative path for forming propylene glycol
from acetol. FIG. 3 shows this mechanism 300 where the
acetol undergoes a rearrangement of the oxygen double bond
to form lactaldehyde 302, but the dehydrogenation step 208
acting upon the lactaldehyde 302 also results in the formation
of propylene glycol 210. It was also observed that the forma-
tion of lactaldehyde intermediate was predominant at lower
reaction temperatures in the range of from 50° C. to 150° C.
(see Example 8 below).

The embodiments of this disclosure include production of
lactaldehyde. A process for converting glycerol to lactalde-
hyde with high selectivity preferably includes the steps of
combining a glycerol-containing feedstock with less than
50% by weight water with a catalyst that is capable of dehy-
drating glycerol to form a reaction mixture; and heating the
reaction mixture to a temperature between 150° C. to 200° C.
over a reaction time interval between 0 to 24 hours at a
pressure between 0.02 and 25 bar. Preferably the catalystused
in the step of combining is contains an element of the sub-
groups from Group I, Group VI, and/or Group VIII of the
Periodic Table. Preferably the glycerol-containing feedstock
used in the step of combining contains from 0% to 15% water
in glycerol by weight. Preferably the catalyst used in the step
of combining is a heterogeneous catalyst selected from the
group consisting of palladium, nickel, rhodium, copper, zinc,
chromium and combinations thereof. Preferably the process
includes a step of removing reaction product vapors that form
during the step of heating. Preferably the process includes a
step of condensing the vapors to yield liquid reaction product.
Preferably temperature used in the heating step exists within
a range from 165° C. to 185° C. Preferably the pressure used
in the heating step exists within a range from 0.02 to 2 bars.
Preferably, the step of condensing occurs using a condenser
operating at a temperature between 0° C. to 140° C.

This and subsequent reactions were performed in liquid
phases with catalyst and sufficient agitation to create a slurry
reaction mixture.

EXAMPLE 2

Simultaneous Dehydration and Hydrogenation Using
Various Catalysts and Reagent Mixtures

A variety of reaction procedures were performed to show
that reaction efficiency may be optimized at any process
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conditions, such as reaction time, temperature, pressure and
flash condition by the selection or choice of catalyst for a
given polyhydric feedstock.

Table 1 reports the results of reacting glycerol in the pres-
ence of hydrogen and catalyst to form a mixture containing
propylene glycol. The reaction vessel contained 80 grams of
refined glycerol, 20 grams of water, 10 grams of catalyst, and
ahydrogen overpressure of 200 psig. The reactor was a closed
reactor that was topped off with excess hydrogen. The reac-
tion occurred for 24 hours at a temperature of 200° C. All
catalysts used in this Example were purchased on commercial
order and used in the condition in which they arrived.

TABLE 1
Summary of catalyst performances based on 80 grams
of glycerol reported on a 100 grams basis.
Catalyst 5%  Catalyst  Catalyst
Initial Best Ruthenium Raney- Raney-
Loading Possible on carbon Copper Nickel
® ® (@ (@ (@
Glycerol 100 0 63.2 20.6 53.6
Water 25 43 not not not
measured  measured measured
Propylene 0 82 14.9 27.5 14.9
Glycol
Ethylene 0 0 16.9 13.1 16.5
Glycol
Acetol 0 0 0.0 12.1 0.0
Total, 100 82 94.9 73.2 85.0
excluding
water
Table 2 summarizes reaction performance with a higher

initial water content, namely, 30 grams of refined glycerol and
70 grams of water. The reactions were conducted at the fol-
lowing initial conditions: 5% wt of catalyst, and a hydrogen
overpressure of 1400 kPa. The following table presents com-
positions after reacting in a closed reactor (with topping off of
hydrogen) for 24 hours at a r